Abstract: A quantitative understanding of vegetation structure is vital to inform long-term protection and management of Australia's vegetation communities. Although airborne light detection and ranging (LiDAR) systems are increasingly utilised to provide three-dimensional measures of vegetation structure at high spatial resolutions (1-10 m 2 ), only limited studies characterise vertical vegetation structure using these datasets. This study assesses the capacity of high spatial resolution LiDAR data to accurately characterise the structural forms of Australian vegetation communities. Four study sites, each covering approximately 25 km 2 , were selected to provide examples across a range of vegetation structural forms, from shrubland to tall closed forest. A novel vertical segmentation methodology was developed to process airborne LiDAR data from each study site at 1 or 2 m vertical and horizontal spatial resolutions. Ratios were applied to standardise point density values, prior to an exploratory analysis utilising multi-dimensional clustering algorithms to classify distinct vertical structure patterns. Comparisons were subsequently performed between the exploratory analysis results and established structural classifications for Australian vegetation communities. The use of the vertical segmentation technique was found to improve the identification of sub-canopy features in multi-story vegetation communities, particularly shrubs and herbaceous ground covers 0.5-4 m tall. The exploratory analysis results saw increased noise in structurally complex and dense vegetation communities due to reduced subcanopy returns. Further development and application of vertical segmentation methods in multistory vegetation communities should be evaluated because of their potential for targeted management and monitoring of vegetation communities and wildlife populations.
Introduction
Australia has one of the most significant diversities of vegetation communities in the world, ranging from sparse open herbfields to tall closed forests [1] . Remote sensing technology provides a quantitative understanding of these environments at multiple spatial scales [2] , helping to inform protection and management practices [3] . Structural vegetation classifications are an established method used to accurately map vegetation over regional to continental areas (10 4 -10 8 km 2 ) [4, 5] . However, there is currently a limited capacity to measure and map vertical vegetation structure at these scales because of costs, complexity, and lack of methods for acquiring and processing data [6] . Airborne light distance and ranging (LiDAR) systems are an increasingly used source of remotely sensed data [7] , with the capacity to provide three-dimensional quantitative measures of vegetation structure at high spatial resolutions (1-10 m 2 ) [8] . Despite the increasing availability of high spatial resolution LiDAR data across Australia, only limited works characterise vertical vegetation structure using these datasets.
The need to improve the understanding of vertical vegetation structural forms for the classification of Australian vegetation communities has been discussed within the literature for over 50 years, with work by Specht (1970) highlighting the limitations of the existing classifications to characterise vertical vegetation structure appropriately [1] . Because of a limited capacity to currently synthesise the large and complex volumes of data required to measure and map vertical structure [6] , current structural vegetation classifications have not been able to fully characterise vertical vegetation structure at continental scales (10 8 km 2 ) [5] . Limited studies have utilised high spatial resolution LiDAR data to characterise vertical vegetation structural forms [8] [9] [10] . The majority have researched structurally simple vegetation communities at coarse vertical and horizontal spatial resolutions [11] .
The objective of this study was to assess the capacity of high spatial resolution LiDAR data to accurately characterise the structural forms of Australian vegetation communities. This was achieved through the analysis of airborne LiDAR data collected across four structurally distinct study sites. The results of this research indicate the potential for vertical segmentation techniques to determine the vegetation structure and improve the identification of sub-canopy vegetation features. 
Data and Methodology

Study Sites
Data
This study utilised open-access airborne laser scanner (ALS) flight-line data acquired from the TERN AusCover data facility [12] . The datasets for each site were collected between 2012 and 2013, using a RIEGL Q560 full-waveform (FWF) scanner flown at a nominal height of 300 m above ground level (AGL) [13] . The data was primarily captured using north-south oriented flight lines with a spacing of approximately 125 m [13] . The datasets used during this study were pre-processed by the data provider, Airborne Research Australia, with initial projection and classification of discrete returns performed using in-house software and the LAStools software package [13] .
Methodology
A novel vertical segmentation methodology was developed from work by Caynes et al. (2016) to characterise vertical vegetation structure using ALS data collected from each study site. Segmentation was performed at fine vertical and horizontal spatial resolutions (1-2 m), with resolution dependent on the available density of discrete returns within the ALS dataset.
Ratio techniques were applied to standardise vertical segment point density values for subsequent analysis. An improvement to the characterisation of sub-canopy vegetation structure was achieved through the calculation of an adaptive ratio as:
where ℎ ≤ ℎ ≤ ℎ . denotes the final ratio value for each vertical layer, the returns between the minimum (ℎ ) and maximum (ℎ ) heights for each vertical layer, and all returns below the maximum height (ℎ ) of each vertical layer [8] . Exploratory analysis to characterise distinct vertical structure patterns was conducted on the vertically segmented ALS dataset using the ISODATA multi-dimensional clustering algorithm. An a posteriori classification was developed for each study site using the results of the exploratory analysis.
The established structural classification methodologies were applied to the ALS data products for each study site, enabling comparisons between the established and novel classification approaches. An analysis to assess the differences between the existing structural vegetation classifications and vertical point density-derived classifications was conducted, using several techniques including comparisons between vertical distribution profiles and analyses of class size.
Results and Discussion
Vertical Segmentation
Vertical segmentation of LiDAR data presents an effective solution to characterise vertical vegetation structure. The use of fine spatial resolutions (1-2 m) provided detailed results enabling an improved understanding of patterns in the selected Australian vegetation communities studied in this research. However, these fine resolutions posed significant processing and analysis challenges, requiring the consideration of data quality and spatial resolutions.
The ALS datasets collected for Chowilla, Litchfield, and Karawatha were of appropriate quality for the high spatial resolution (1 m) analysis and vegetation structure mapping conducted during this research (Table 1) . By comparison, the high vegetation densities present across the Robson Creek study site resulted in reduced data quality and relative spatial accuracy (Table 1) . While these anomalies within the ALS datasets present analysis challenges, potentially reducing the overall accuracy of the generated products, they are common occurrences encountered during ALS data collection, particularly in challenging terrain and vegetation communities. While this project investigated the highest possible spatial resolutions at which vertical segmentation could be conducted, appropriate resolutions for repeatable analyses would likely be broader. Spatial resolutions between 10 and 30 m would better align with regional and continental scale mapping [6, 10] . As the application of vertical segmentation methodologies remains limited within the Australian context, further work is required to determine suitable resolutions at which segmentation and classification should occur for the range of vegetation communities across the continent.
Point Density Ratios
The application of point density ratio techniques to calculate relative vegetation densities is an established technique within LiDAR vegetation structure analysis. Primarily, these relative density layers are sub-components of a broader vegetation analysis, with summary statistics typically generated to enable the integration with additional factors [8, 9] . However, this study used these relative density layers as the primary input for exploratory classifications, enabling the characterisation of the overall vertical structure.
The implementation of height-dependent ratio calculations provides a means to overcome occlusion as vegetation density increases. However, this technique can place increased importance on point densities within lower vegetation strata. Where dense canopy vegetation is present, there is an increased likelihood of random under-sampling in lower strata. Although there are limited examples of high spatial resolution vertical segmentation within Australia from which to draw point density recommendations, the results of international studies indicate point densities above 10 points/m 2 are necessary [14] . While all sites within this study possess average point densities well above this threshold, the distribution of these points becomes increasingly biased towards the canopy, as vegetation density increases. This pattern is particularly evident at Robson Creek, with high canopy density and limited canopy gaps resulting in reduced point densities within sub-canopy vegetation strata.
While overall cell point densities are an important factor dictating the applicability of segmentation methods, further constraints on the usage of fine resolution vertical segmentation methods are required to account for point densities within individual segments. Such values should be scaled with respect to both vegetation density and canopy height, as both influence the rate of under-sampling in sub-canopy vegetation strata. Within this project, values between 1 and 2 points per cubic metre were found applicable for accurate classifications incorporating all vegetation strata.
Classification Comparisons
The exploratory LiDAR-derived classification provides insights into the potential application of these datasets for the classification of vertical vegetation structure (Figure 3) . The equal significance of each segment within the classification ensures that the complete vertical vegetation profile is characterised. At fine spatial resolution, these classifications provide nuanced details about the structure and composition of vegetation communities present across each study site. 
Conclusions
The findings of this work demonstrate that high spatial resolution LiDAR data can be used to accurately characterise the fine spatial resolution (1-2 m) vertical structure of Australian vegetation communities. Future work within this field of inquiry is essential to ensure the integration of LiDARderived structural products within vegetation classifications and the formalisation of a repeatable and site-independent classification framework for vertical vegetation structure. Additional investigation is recommended to assess appropriate spatial resolutions and data quality requirements necessary to support multiple LiDAR-based mapping and monitoring applications. With an improved understanding of the structure and diversity of Australian vegetation comes the capacity to better protect and restore these environments.
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